Sertoli and Leydig cells, the two major somatic cell types in the testis, have different morphologies and functions. Both are essential for gonad development and spermatogenesis. However, whether these cells are derived from the same progenitor cells and the mechanism regulating the differentiation between these two cell types during gonad development remains unclear. A previous study showed that overactivation of Ctnnb1 (cadherin-associated protein, beta 1) in Sertoli cells resulted in Sertoli cell tumors. Surprisingly, in the present study, we found that simultaneous deletion of Wilms' Tumor Gene 1 (Wt1) and overactivation of Ctnnb1 in Sertoli cells led to Leydig cell-like tumor development. Lineage tracing experiments revealed that the Leydig-like tumor cells were derived from Sertoli cells. Further studies confirmed that Wt1 is required for the maintenance of the Sertoli cell lineage and that deletion of Wt1 resulted in the reprogramming of Sertoli cells to Leydig cells. Consistent with this interpretation, overexpression of Wt1 in Leydig cells led to the up-regulation of Sertoli cell-specific gene expression and the downregulation of steroidogenic gene expression. These results demonstrate that the distinction between Sertoli cells and Leydig cells is regulated by Wt1, implying that these two cell types most likely originate from the same progenitor cells. This study thus provides a novel concept for somatic cell fate determination in testis development that may also represent an etiology of male infertility in human patients.
Wt1 | β-catenin | Sertoli cells | Leydig cells | transdifferentiation I n mammals, testes and ovaries arise from the genital ridges, which form as thickening of the epithelial layer on the ventromedial surface of the mesonephros at embryonic day E9.5 in mice. The Sry (sex-determining region Y) gene encodes a highmobility group (HMG) domain transcription factor that is transiently expressed in the somatic cells of undifferentiated XY gonads from E10-E12. This gene is essential for directing Sertoli cell differentiation in bipotential gonads (1, 2) . In XX gonads, which lack Sry expression, the somatic cells instead differentiate into granulosa cells (3) .
Sertoli and Leydig cells are two major cell types in the testis, and both play essential roles in spermatogenesis. Sertoli cells are localized within the seminiferous tubules and provide physical and nutritional support for germ cell development. Leydig cells are located in the interstitium between the seminiferous tubules. The testosterone secreted by Leydig cells is necessary for the completion of spermatogenesis and the maintenance of secondary sexual characteristics. Steroidogenic enzymes such as 3β-HSD (3β-hydroxysteroid dehydrogenase), StAR (steroidogenic acute regulatory protein), and P450scc (P450 side-chain cleavage) are specifically expressed in Leydig cells in testes. Cholesterol, a substrate for steroid hormone biosynthesis, accumulates in Leydig cells and can be labeled with Oil Red O (ORO) (4) . Sertoli cells are reported to originate from coelomic epithelial cells, whereas cells migrating from the mesonephros represent the putative Leydig cell progenitors (5, 6) . However, it is still controversial, and the relationship between Sertoli cells and Leydig cells during testis development remains unclear.
Wt1 encodes a zinc finger nuclear transcription factor that was originally identified as a tumor suppressor gene in WT patients (7) (8) (9) (10) . During embryonic development, Wt1 is expressed in the coelomic epithelium and the underlying mesenchymal cells of the urogenital ridge (11, 12) . Deletion of Wt1 in mouse models results in gonadal agenesis due to the failure of genital ridge development (12) .
Our previous study demonstrated that Wt1 plays critical roles in testis development. Inactivation of Wt1 in Sertoli cells after sex determination causes aberrant testis development due to the disruption of testicular cords (13) . However, the underlying molecular mechanism is still unclear. Overactivation of Ctnnb1 by deletion of exon3 in Sertoli cells during embryonic development also caused a testicular cord disruption, similar to Wt1 deletion (14) , suggesting that Wt1 and Ctnnb1 likely regulate the same signaling pathway in testis development.
To explore the relationship between Wt1 and Ctnnb1 in testis development, Wt1 and Ctnnb1 (exon3) were simultaneously deleted in Sertoli cells using AMH-Cre transgenic mice. Surprisingly, we found that Leydig cell-like tumors, but not Sertoli cell tumors, developed in double knockout (KO) mice. Further studies revealed that Wt1 is required for Sertoli cell lineage maintenance and that inactivation of Wt1 results in Sertoli cell to Leydig cell transdifferentiation. This study thus demonstrates that Sertoli cells and Leydig cells most likely originate from the same progenitor cells and that the differentiation between these two cell types is controlled by Wt1.
Significance
Genetic control of the differentiation between Sertoli cells and granulosa cells has been reported previously. However, the relationship between Sertoli cells and Leydig cells in the testis has not yet been definitively determined. In the present study, we demonstrate for the first time, to our knowledge, that these two cell types can be mutually reprogrammed and that Wilms' Tumor Gene 1 (Wt1) plays a critical role in this process. This study provides a novel concept for cell fate determination in testis development that will improve our understanding of the regulatory mechanisms of gonad development.
Results

Double KO of Wt1 and Ctnnb1 (exon3) in Sertoli Cells Caused Leydig
Cell-Like Tumor Development. Our previous studies found that both deletion of Wt1 and overactivation of Ctnnb1 induced by deleting exon3 in Sertoli cells using AMH-Cre caused testicular cord disruption (13, 14) . However, testicular tumors were observed in Ctnnb1 overactivated mice but not in Wt1 KO mice (14, 15) . To test whether these two genes regulate the same signaling pathway in testis development, Wt1 and Ctnnb1 (exon3) were simultaneously deleted in Sertoli cells using AMH-Cre transgenic mice. The male mice were killed at 8 mo of age. We found that ∼80% (13/16) of the Ctnnb1 +/flox(ex3) AMH-Cre mice developed testicular tumors, consistent with the previous study (15) . Interestingly, 100% (13/13) of the Wt1
AMH-Cre mice (double KO mice) developed testicular tumors, and no tumors were found in Wt1 -/flox AMH-Cre mice (Fig. 1A) . The histology of tumor cells from Ctnnb1 +/flox(ex3) AMH-Cre and double KO mice was examined by hematoxylin and eosin staining. Most of the tumor cells from Ctnnb1 +/flox(ex3) AMH-Cre mice were blastema-like with condensed nuclei and reduced eosinophilic cytoplasm ( Fig. 1 C and E) , consistent with a previous study (15) . By contrast, the tumor cells from double KO mice contained increased eosinophilic cytoplasm and fewer condensed round nuclei ( Fig. 1 B and D) . To further characterize the tumor cells, immunohistochemistry experiments were performed. The tumor cells from Ctnnb1 +/flox(ex3) AMH-Cre testes expressed the Sertoli cell marker gene WT1 (Fig. 1H) . However, no WT1 signal was detected in the tumor cells from double KO mice (Fig. 1F) , despite the fact that it has been demonstrated that the small truncated WT1 protein remaining after the deletion of two exons from the Wt1 flox allele is recognized by the antibody used in this study and can be used to trace Wt1 mutant Sertoli cells (13, 16) . Surprisingly, the Leydig cell-specific marker genes 3β-HSD and P450SCC were abundantly expressed in double KO tumor cells ( Fig. 1 I and K) , comparable to normal Leydig cells, but not in the tumor cells from Ctnnb1
AMH-Cre testes ( Fig. 1 J and L) . To further verify the cell type, transmission electron microscopy (TEM) was used to analyze the ultrastructure of the tumor cells from double KO mice. As shown in Fig. S1 , numerous large lipid droplet clusters were noted in the Leydig-like tumor cells from the double KO mice (Fig. S1A, circled with black dotted line), similar to normal fetal Leydig cells (Fig. S1D, white arrows) (17, 18) . Real-time PCR analysis was also conducted to examine the expression of other Leydig cell marker genes using mRNA from normal Sertoli cells, normal Leydig cells, and tumor cells from double KO mice. The mRNA levels of 3β-HSD, p450scc, Lhr (luteinizing hormone receptor), Star, Sur2 (sulfonylurea receptor 2), and Cyp17a1 were dramatically increased in double KO tumor cells compared with normal Sertoli cells. Some genes, including 3β-HSD, p450scc, and Lhr, were expressed more highly than in normal Leydig cells (Fig.  S2A) . By contrast, the expression of Sertoli cell-specific genes, such as Sox9 (SRY -box 9), Amh (anti-Mullerian hormone), Dmrt1 (doublesex and mab-3 related transcription factor 1), Gdnf (glial cell line-derived neurotrophic factor), Ptdgs (prostaglandin D2 synthase), Dhh (desert hedgehog), Erbb4 (v-erb-a erythroblastic leukemia viral oncogene homolog 4), Shbg (sex hormone-binding globulin), and Clu (clusterin), was dramatically reduced compared with control Sertoli cells (Fig. S2B) . Interestingly, we also found that adult Leydig cell-specific genes [e.g., Est (estrogen sulfotransferase), Vcam1 (vascular cell adhesion molecule 1), PGD, and 17β-HSDIII (17β-hydroxysteroid dehydrogenase III)] were abundantly expressed in the tumor cells from double KO mice, whereas the expression of the fetal Leydig cell marker gene Tsp2 (thrombospondin 2) was not increased compared with control adult Leydig cells (Fig. S2A) Given that AMH-Cre is specifically expressed in Sertoli cells (19) , Wt1 and Ctnnb1 (exon3) were deleted in only Sertoli cells. Therefore, we surmised that the tumor cells in double KO mice derived either from normal Leydig cells affected by the deletion of Wt1 and Ctnnb1 (exon3) in Sertoli cells or from Sertoli cells that had transdifferentiated into Leydig-like cells.
To test these hypotheses, a lineage tracing experiment was performed using Rosa26R mice (20) . In control mice (Rosa26R +/flox AMH-Cre), Sertoli cells within seminiferous tubules were stained with X-Gal (Fig. 2B) , and no X-Gal signal was detected in Leydig cells, indicating that AMH-Cre is specifically expressed in Sertoli 
Rosa26R
+/flox AMH-Cre mice were prepared, and adjacent sections were stained with X-Gal, 3β-HSD, and ORO. As shown in Fig. 2 , all of the tumor cells were labeled with X-Gal ( AMH-Cre mice were generated, and the expression of Sertoli cell-specific genes and 3β-HSD was examined by IHC. As shown in Fig. S4 , SOX9 (Fig. S4 A, e, black arrows) and AMH ( Fig. S4 B, e, black arrows) proteins were detected in Sertoli cells of Wt1 -/flox AMH-Cre mice at E13.5 but were absent from E14.5 to E16.5, consistent with our previous study (13) . In control testes, 3β-HSD ( Fig. 3 A-C and G-I, arrows) was specifically expressed in Leydig cells from E13.5 to P5. In Wt1 -/flox AMH-Cre testes, 3β-HSD was detected in Leydig cells at E13.5 (Fig. 3D, arrows) and E14.5 (Fig. 3E, arrows) . Interestingly, 3β-HSD was also detected in the remnant testicular cords (Fig. 3 F and J-L, arrowheads) of Wt1 -/flox AMH-Cre testes from E15.5 to P5. The low-magnification images showed that 3β-HSD protein was detected in most of the remnant testicular cords (asterisks) at E16.5 (Fig. S5E, black arrows) and E18.5 (Fig. S5F , black arrows). To further confirm that 3β-HSD was expressed in Wt1-deficient Sertoli cells, a lineage tracing experiment was performed using Wt1 AMH-Cre mice were also labeled with X-Gal (Fig. S6B, arrowheads) . This result indicates that these 3β-HSD-positive cells are Sertoli cells in which Wt1 was inactivated by AMH-Cre.
Our previous studies demonstrated that the Wt1 flox allele, after Cre-mediated deletion of two exons, produces a truncated WT1 protein that is still recognized by the antibody used in this study (13, 16) . A double staining experiment was thus performed using anti-WT1 and anti-3β-HSD antibodies. We found that the 3β-HSDpositive cells in the remnant testicular cords of Wt1 -/flox AMH-Cre mice were also labeled with the anti-WT1 antibody (Fig. S6H , white arrowheads). In control testes, WT1 was detected in Sertoli cells but not in Leydig cells (Fig. S6G) . These results further confirm that 3β-HSD is expressed in Wt1-deficient Sertoli cells.
Sertoli Cell-Derived 3β-HSD-Positive Leydig Cells Survived in Adult
Testes. To examine the cell fate of Wt1-deficient Sertoli cells at later developmental stages, the expression of WT1 and 3β-HSD AMH-Cre mice were stained with X-Gal, 3β-HSD, and ORO. In control testes, X-Gal was observed in only Sertoli cells within seminiferous tubules (Fig. 4A) , and Leydig cells were stained with ORO ( Fig. 4C ) and 3β-HSD (Fig. 4E, arrows) . No seminiferous tubules were observed in Wt1 -/flox Rosa26R +/flox AMH-Cre testes, but several cell clusters were labeled with both X-Gal (Fig. 4B, arrows, and Fig. S8 A and B) and ORO (Fig. 4D, arrows, and Fig. S8 C and D) in adjacent serial sections. 3β-HSD was also expressed in these X-Gal-positive cell clusters (Fig. 4F, red asterisks) . These results indicate that the Wt1-deficient Sertoli cells survive in adult testes and continually express Leydig cell-specific marker genes. AMH-Cre testes at P1 by flow cytometry. The relative mRNA levels of Leydig cell-and Sertoli cell-specific genes were analyzed by real-time PCR. As shown in Fig. 5 , the expression of Sertoli cell-specific genes (e.g., Sox9, Dmrt1, Gdnf, Dhh, Ptgds, Erbb4, Shbg, and Clu) was dramatically reduced in Wt1-deficient Sertoli cells compared with control Sertoli cells (Fig. 5B) . By contrast, the expression of Leydig cell-specific genes [e.g., 3β-HSD, p450scc, Lhr, Star, EH (epoxide hydrolase (Fig. 5A) . (Fig. 6 A and B) . The cells were collected 48 h after transfection, and gene expression was analyzed by real-time PCR. As shown in Fig. 6C , the expression of 3β-HSD, p450scc, Star, Cyp19a1, 17β-HSD III, and Lhr was significantly reduced in Wt1-overexpressing Leydig cells. However, Sertoli cell-specific genes, including Sox9, Amh, Gdnf, and Ptdgs, were markedly up-regulated (Fig. 6D) (21) , and the differentiation between them is genetically controlled. Inactivation of Foxl2 in granulosa cells results in granulosa cell-toSertoli cell transdifferentiation (22) . By contrast, deletion of Dmrt1 results in Sertoli cell-to-granulosa cell transdifferentiation (23) . Leydig cells, another major somatic cell type in the testis, were reported to migrate into the fetal testis from the mesonephros and the coelomic epithelium (6, 17, 24) . However, Leydig cell origins are still controversial, and the regulation of Leydig cell differentiation has not been determined. In this study, we found that Leydig cell-specific steroidogenic genes were abundantly expressed in tumor cells from double KO mice, at levels comparable to those of control Leydig cells, whereas the expression of Sertoli cell marker genes was virtually absent. Based on these results, we conclude that the tumor cells in double KO mice are "Leydig-like" cells.
Rosa26R mouse strains are frequently crossed to Cre transgenic mice for lineage tracing experiments (20) . In the present study, only Sertoli cells were labeled with X-Gal in control testes (Rosa26R +/flox AMH-Cre), indicating that AMH-Cre was specifically expressed in Sertoli cells in testes (19) . In double KO mice, all of the Leydig-like tumor cells were labeled with X-Gal, indicating that these cells were derived from Sertoli cells in which AMH-Cre had been activated. Because of the complexity of the double KO mice, these results only suggest that loss of Wt1 results in a Sertoli-toLeydig cell transformation. The function of Wt1 in Sertoli cell lineage maintenance was further confirmed using a Wt1 -/flox AMH-Cre mouse model. As expected, Leydig cell marker genes were dramatically increased in Wt1-deficient Sertoli cells, whereas the Sertoli cell-specific genes were virtually absent. In this study, Sertoli cellspecific genes were down-regulated at E14.5, whereas 3β-HSD was first detected in Wt1-deficient Sertoli cells at E15.5, indicating that the transition from Sertoli cells to Leydig cells occurs between E14.5 and E15.5. Most Sertoli cells were 3β-HSD-positive in the remnant testicular cords of Wt1 -/flox AMH-Cre mice during embryonic stages. However, the number of X-Gal and 3β-HSD double-positive Leydig-like cell clusters was reduced in the adult mutant testes, suggesting that, although most Sertoli cells were transdifferentiated into Leydig-like cells after Wt1 inactivation, not all of them survive in adult testes.
Sertoli cells were transformed into Leydig cells in both double KO and Wt1 single KO mice. However, in double KO mice, Sertoli cells developed into tumor-like cell clusters during embryonic stages, then transformed into 3β-HSD-positive Leydig cells at 1 mo of age, whereas in Wt1 single KO mice, the Sertoli cells were transformed into Leydig cells at E15.5. These results suggest that Ctnnb1 and Wt1 probably participate in testis development by regulating different signaling pathways. The functions of overactivated CTNNB1 are dominant at the early stage, which promote the proliferation of Sertoli cells, and the transformation from Sertoli to Leydig cells is delayed in double KO mice. The interaction of Wt1 and Ctnnb1 in testes development is complicated and needs further investigation.
In the present study, we found that Wt1 plays an essential role in Sertoli cell lineage maintenance and that inactivation of Wt1 in Sertoli cells during embryonic stages resulted in Sertoli cell-toLeydig cell transdifferentiation, whereas overexpression of Wt1 in Leydig cells significantly inhibited the expression of steroidogenic enzymes and induced the expression of Sertoli cell-specific genes. These results further confirm that the differentiation between Sertoli cells and Leydig cells is regulated by Wt1, as shown by the model (Fig. S9) . However, the underlying mechanism is still an open question. The expression of Sertoli cell-specific genes such as Sox9, Amh, Dmrt1, Dhh, Ptgds, Erbb4, Shbg, and Clusterin was dramatically reduced in Wt1-deficient Sertoli cells. However, inactivation of these genes does not result in a Sertoli-to-Leydig cell transdifferentiation (23, (25) (26) (27) (28) . The reduction of these genes' expression is most likely a consequence of cell fate alteration after Wt1 inactivation. A recent study found that overexpression of Wt1 in the adrenal gland inhibited the development of steroidogenic cells (29) , implying that during testis development, Wt1 probably functions in Sertoli lineage maintenance by antagonizing steroidogenesis-related enzyme expression. However, the expression of Sertoli cell-specific genes was induced in cultured Leydig cells upon overexpression of Wt1, suggesting that the down-regulation of steroidogenesis-related enzyme expression is probably also a consequence of cell fate alteration.
Wt1 has been reported to be involved in the development of multiple organs, including the adrenal glands (30) , retina (31), liver (32) , spleen (33) , heart (12, 34) , and kidney (35) . Most, if not all, of these phenotypes are linked to a role for Wt1 in the control of EMT or MET. Our previous study also demonstrated that inactivation of Wt1 in mature Sertoli cells resulted in down-regulation of E-cadherin and loss of polarity (16) . Therefore, Wt1 probably participates in Sertoli cell lineage maintenance by regulating the balance between mesenchyme and epithelium. However, the downstream target genes through which the Wt1 transcription factor acts to regulate the lineage transition between Sertoli and Leydig cells are still unclear and require further investigation.
Transdifferentiation between Sertoli cells and Leydig cells has never been reported previously. Our study demonstrates that the differentiation between Sertoli cells and Leydig cells is controlled by Wt1. Inactivation of Wt1 resulted in Sertoli-to-Leydig cell transdifferentiation, and overexpression of Wt1 caused a Leydig-toSertoli cell transformation. This study provides a new concept for cell fate determination in testis development, which should shed light on the regulation of somatic cell differentiation in testis development and etiological causes of male infertility in human patients.
Methods
Tissue Collection and Histological Analysis. All animal studies were carried out in accordance with the protocols approved by the Institutional Animal Care and Use Committee at the Institute of Zoology, Chinese Academy of Sciences (CAS). Testes were dissected from mutant and control mice immediately after euthanasia, fixed in 4% (mass/vol) paraformaldehyde (PFA) for up to 24 h, stored in 70% (vol/vol) ethanol, and embedded in paraffin. We prepared 5-μm -thick sections were prepared and mounted them on glass slides. After deparaffinization, slides were stained with H&E for histological analysis. Immunohistochemical Analysis and Immunofluorescence. Immunohistochemistry (IHC) and immunofluorescence (IF) were performed on tissues from at least three mice for each genotype using the Vectastain ABC (avidin-biotinperoxidase) kit (Vector Laboratories) as recommended. After staining, the slides were examined with a Nikon Microscope, and images were captured with a Nikon DS-Ri1 CCD camera.
ORO Staining. We prepared 10-mm-thick frozen sections. After air drying, the sections were fixed in 4% PFA for 15 min and rinsed with 60% (vol/vol) isopropanol. The sections were stained with ORO (Sigma) solution (ORO saturated solution in isopropanol:water, 3:2) for 15 min as previously described (36) . The sections were then washed with 70% alcohol for 5 s to remove background staining. After rinsing with tap water, the sections were counterstained with Harris hematoxylin and mounted in glycerol-PBS (9:1) for further analysis.
X-Gal Staining. For frozen sections, slides were fixed in ice-cold fixation buffer [2% (vol/vol) formaldehyde, 0.2% glutaraldehyde, 0.02% Nonidet P-40 in PBS] for 15 min and washed in permeabilization solution (0.01% sodium deoxycholate, 0.02% Nonidet P-40 in PBS) three times before staining with X-Gal solution (1 mg/mL X-Gal, 5 mM potassium ferricyanide, and 5 mM potassium ferrocyanide in PBS) overnight at 37°C. For whole-mount staining, testes were collected and fixed in ice-cold fixation buffer for 2 h at 4°C on a shaking platform and stained with X-Gal solution overnight at 37°C. Tissues were then fixed in 4% PFA and embedded in paraffin.
RNA Isolation and Real-Time PCR Analysis. Total RNA was extracted from testes using a TRIzol kit following the manufacturer's instructions. To quantify gene expression, the Real-Time SYBR Green assay was performed. Gapdh was used as an endogenous control. The relative levels of candidate gene expression were calculated using the formula 2 -ΔΔ CT as described in the SYBR Green user manual.
Primers used for RT-PCR are listed in Table S1 .
Primary Leydig Cell Isolation and Culture. Leydig cells collected from 21-d-old testes were cultured in vitro and transfected with Wt1 adenovirus after 24 h of culture. The cells were collected at 48 h after transfection and prepared for gene expression assays.
Statistical Analysis. Experiments were repeated at least three times. Three to five control or mutant testes were used for immunostaining at each time point.
The quantitative results are presented as the mean ± SEM. The data were evaluated for significant differences using Student's t test and one-way ANOVA. P values < 0.05 were considered to be significant. AMH-Cre, Wt1 -/flox Ctnnb1 +/flox(ex3) Rosa26R +/flox AMH-Cre, and Ctnnb1 +/flox(ex3) AMH-Cre mice. DNA isolated from postnatal tail biopsies was used for genotyping. Genotyping was performed by PCR as described previously (1).
Supporting Information
Immunohistochemical Analysis and IF. IHC and IF were performed as described previously (5) . Antibodies were diluted according to the manual as follows: WT1 (1:800, Epitomics, 2797-1), 3β-HSD (1:400, Santa Cruz, sc-30820), P450SCC (1:400, Millipore, ABS235), SOX9 (1:1,500, Millipore, AB5535), CTNNB1 (1:400, Abcam, ab6302), and AMH (1:500, Santa Cruz, sc-6886).
Electron Microscopy. Testes were dissected from control and Wt1 mutant mice and prefixed in 2.5% (vol/vol) glutaraldehyde, 1% paraformaldehyde, 0.1 M sucrose, and 0.1 Mcacodylate for 48 h, then postfixed in 1% OsO 4 for 1 h. After dehydration with an ethanol gradient series, the samples were embedded in Epon/ Araldite resin. Next, 100-nm-thick sections were cut and mounted on 200-mesh grids, then stained with uranyl acetate and lead citrate. The images were captured using a Hitachi S-3000N electron microscope.
Primary Leydig Cell Isolation and Culture. Testes from 21-d-old mice were collected and washed with PBS three times. After removal of the testes' tunica albuginea, seminiferous tubules were enzymatically digested in DMEM/F12 with 1 mg/mL collagenase IV (Sigma) and 1 mg/mL hyaluronidase type III (Sigma) and incubated in a shaking water bath at 100 oscillations (osc)/min for 15 min at 37°C (6) . Separated interstitial cells from tubules were filtered through 200 t∼m sieves. Tubules left on the sieve were washed with DMEM/ F12 and centrifuged for 3 min at 300 × g. Cell precipitates were then resuspended with DMEM/F12 containing 10% FCS, placed into culture dishes, and incubated at 37°C with 5% CO 2 .
Cell Isolation for Quantitative RT-PCR. Sertoli and Leydig cells from control adult testes were isolated as previously reported (6, 7) .
Leydig cells were collected as described above. The remaining tubules were digested with 2 mg/mL collagenase I, 0.5 mg/mL DNase I, and 1 mg/mL hyaluronidase type III for 20-30 min at 37°C. Tubules were precipitated, washed twice, and incubated with 2 mg/mL collagenase I, 0.5 mg/mL DNase I, 2 mg/mL hyaluronidase, and 1 mg/mL trypsin for 40-60 min at 37°C. The dispersed cells, containing primarily Sertoli cells and type A spermatogonia, were then washed twice with DMEM/F12 and placed into culture dishes in DMEM/F12 with 10% FCS and incubated at 37°C and 5% CO 2 . After culture overnight, cells were exposed to 20 mM Tris (pH 7.4) to remove spermatogonia by hypotonic treatment. The testicular tumors from 5-mo-old double KO mice were dissected out with forceps under the stereoscope.
Sertoli and Leydig cells from control and Wt1 -/flox AMH-Cre P1 testes were sorted by flow cytometry according to the instructions for the BD Pharmingen Transcription Factor Buffer Set. After digestion, the single-cell suspension was incubated with Fix/Perm Buffer at 2-8°C for 40-50 min. After washing with Perm/Wash Buffer, the single-cell suspension was incubated with primary antibodies (anti-WT1 and anti-3β-HSD) in 80-100 μL of Perm/Wash Buffer for 40-50 min at 2-8°C. The cell suspensions were then incubated with a fluorescent-conjugated secondary antibody for 40-50 min. After washing with Perm/Wash Buffer three times, the cell pellet was resuspended in 350 μL of flow cytometry staining buffer and analyzed with a BD FACSAria. Cell suspensions processed in the same way but without primary antibody were defined as the negative control. In control testes, WT1-positive and 3β-HSD-positive cells were sorted as normal Sertoli cells and Leydig cells, respectively. In Wt1 -/flox AMH-Cre testes, because the truncated WT1 protein was recognized by the anti-WT1 antibody, WT1-positive cells were sorted as Wt1-deficient Sertoli cells.
Construction of Adenovirus Vectors. The adenoviruses containing Wt1 cDNA were generated using the Gateway Expression System (Invitrogen). Candidate genes were amplified by PCR and inserted into the pENTR3C vector (Invitrogen). The desired plasmids were then generated by homologous L/R recombination. Viral constructs were transduced into the 293A cell line, and a high viral particle titer (108 IU/mL) was obtained with four rounds of amplification. The viral titer was determined as previously described (8) . AMH-Cre mice at E13.5, whereas these proteins were absent at E14.5 (A, f, and B, f), E15.5 (A, g, and B, g), and E16.5 (A, h, and B, h). IF results further showed that SOX9 protein (red) was expressed in control Sertoli cells (C, a and d), and 3β-HSD protein (green, white arrowheads) was expressed in Leydig cells (C, b and d) at E15.5. No SOX9 protein was detected in Sertoli cells (C, e and h) of Wt1 -/flox AMH-Cre mice at E15.5, whereas 3β-HSD protein (green, white arrowheads) was detected in the remnant testicular cords (C, f and h, red asterisks) at this stage. AMH-Cre mice were stained with X-Gal (A and B) and ORO (C and D). Several cell clusters were labeled with X-Gal (B, black arrows); these cell clusters were also stained with ORO (D, black arrows). 
